Objective: Using data from the Alzheimer's Disease Neuroimaging Initiative (ADNI) population, we examined (1) cross-sectional relationships between amyloid deposition, hypometabolism, and cognition, and (2) associations between amyloid and hypometabolism measurements and longitudinal cognitive measurements. Methods: We examined associations between mean cortical florbetapir uptake, mean 18 F-fluorodeoxyglucosepositron emission tomography (FDG-PET) within a set of predefined regions, and Alzhiemer's Disease Assessment Scale (ADAS-cog) performance in 426 ADNI participants (126 normal, 162 early mild cognitive impairment [EMCI], 85 late MCI [LMCI], 53 Alzheimer disease [AD] patients). For a subset of these (76 normal, 81 LMCI) we determined whether florbetapir and FDG-PET were associated with retrospective decline in longitudinal ADAS-cog measurements.
Hypometabolism, measured with FDG-PET, is associated with cognitive decline 1 and conversion from mild cognitive impairment (MCI) to AD. 2, 3 Recent work has demonstrated that the presence of amyloid is also associated with decline 4, 5 and conversion. 6, 7 Integrating data from a variety of sources, researchers have proposed that the time course of Ab deposition and hypometabolism depends on disease stage, [8] [9] [10] such that amyloid deposition precedes synaptic and neuronal dysfunction, which is in turn followed by cognitive decline. This model has been supported by several studies comparing the 2 PET measurements with respect to longitudinal decline, 11, 12 but this work has been limited by small sample sizes and access to patients at different phases of disease.
In this study, FDG-PET and amyloid PET data acquired through the Alzheimer's Disease Neuroimaging Initiative (ADNI) made it possible to compare these measurements in a large sample at different levels of disease severity. [
18 F]Florbetapir is a PET ligand that has been recently added to the ADNI imaging protocol, and has been validated in a study demonstrating close correspondence between cortical amyloid deposition measured with florbetapir in end-of-life patients and immunohistochemistry measurements of fibrillar Ab at autopsy. 13 We examined cross-sectional relationships between Ab (measured with florbetapir), hypometabolism (measured with FDG-PET), and cognitive performance (measured with the cognitive subscale of the Alzheimer's Disease Assessment Scale [ADAS-cog]) in the ADNI population. A subset of the normal and MCI participants had retrospective longitudinal cognitive performance data available. Examining PET measurements (florbetapir, FDG) and cognitive change over time in these 2 diagnostic groups (normal, MCI) allowed us to test the hypothesis that amyloid deposition precedes hypometabolism and both are linked to longitudinal decline.
Subjects and Methods

Study Design
ADNI is a longitudinal multisite study supported by the NIH, private pharmaceutical companies, and nonprofit organizations with approximately 50 medical center and university sites across the United States and Canada (www.loni.ucla.edu/ADNI). ADNI 1 enrolled approximately 800 participants (normal, a group initially recruited as MCI and now termed late MCI [LMCI] , and AD) with multiple longitudinal biomarker and cognitive measurements at 6 to 12-month intervals for 2 to 3 years. This initial study was followed by ADNI GO, which enrolled 200 subjects in a new diagnostic group called early MCI (EMCI), characterized as subtle memory impairment that is intermediate between normal subjects and LMCI; and ADNI 2, which enrolled approximately 550 additional normal, EMCI, LMCI, and AD participants. Approximately 2 =3 of subjects enrolled during ADNI 1 are still being followed longitudinally. Longitudinal florbetapir, FDG, magnetic resonance imaging (MRI), cerebrospinal fluid, and cognitive measurements are obtained for all newly enrolled and continuing participants.
Participants
Our study population was 426 ADNI participants with an available florbetapir and MRI scan as of November 2011 (126 normal, 162 early MCI, 85 LMCI, 53 AD); 417 of these participants also had an FDG-PET scan acquired approximately concurrently with the florbetapir scan (average time between FDG-PET and florbetapir, <1 week). Approximately 2 =3 of the total sample were newly enrolled subjects who had no longitudinal follow-up, whereas approximately 1 =3 were continuing normal (n ¼ 76) and LMCI (n ¼ 81) participants from ADNI 1 who were followed for an average of about 4 years prior to their florbetapir scans.
Full inclusion/exclusion criteria are described in detail at www.adni-info.org. Briefly, all subjects were between the ages of 55 and 90 years, had completed at least 6 years of education, were fluent in Spanish or English, and were free of any other significant neurologic diseases. LMCI participants had a subjective memory complaint, a Clinical Dementia Rating (CDR) of 0.5, and were classified as single-or multidomain amnestic. 14 The EMCI group differed from LMCI only based on education-adjusted scores for the delayed paragraph recall subscore on the Wechsler Memory Scale-Revised Logical Memory II such that EMCI subjects were intermediate between normal subjects and LMCI. Normal subjects had CDR scores of 0, and patients with AD met standard diagnostic criteria. 15 The ADAS-cog 16 was used in our cross-sectional analyses and as the primary outcome variable in our longitudinal analyses; total score ranges from 0 to 70, with a higher score indicating poorer cognitive function. We also assessed changes in diagnostic status (eg, remaining LMCI or converting to AD), which was determined at individual testing sites. Apolipoprotein E (APOE) genotypes were determined with blood samples for all except 2 EMCI subjects.
Florbetapir Image Acquisition and Analysis
ADNI PET image data were acquired as described online (adni.loni.ucla.edu/about-data-samples/image-data/), and processed by our laboratory as described online (adni.loni.ucla.edu/ research/pet-post-processing/) and summarized briefly below.
Florbetapir image data were acquired 50 to 70 minutes postinjection, and images were averaged, spatially aligned, interpolated to a standard voxel size, and smoothed to a common resolution of 8mm full width at half maximum.
For quantification of florbetapir, we used 1 or, in most cases, 2 structural 1.5T or 3T MRI scans (magnetization-prepared rapid acquisition gradient echo [MPRAGE] ) acquired concurrently with the florbetapir scan to define cortical regions of interest and the cerebellar reference region. MPRAGE scans within 1 year of the florbetapir scan were available for approximately 80% of subjects. For the remaining subjects, we used the MPRAGE that was closest in time to the florbetapir scan (average MRI-florbetapir interval ¼ 1.9 6 0.8 years). MPRAGE images were segmented and parcellated into individual cortical regions with Freesurfer version 4.5.0 (surfer.-nmr.mgh.harvard.edu/), which was used to extract mean florbetapir uptake from gray matter within lateral and medial frontal, anterior, and posterior cingulate, lateral parietal, and lateral temporal regions relative to uptake in the whole cerebellum (white and gray matter). This summary measure was used as the florbetapir cortical mean for each subject.
FDG Image Acquisition and Analysis
FDG image data were acquired 30 to 60 minutes postinjection, and images were downloaded from the ADNI website after preprocessing (frames were averaged, spatially aligned, interpolated to a standard voxel size, and smoothed to a common resolution of 8mm full width at half maximum). We then spatially normalized each FDG image to the standard 15O-H2O PET template using SPM5. 17 We determined mean FDG uptake for each subject within a set of predefined and previously validated 3, 18 regions of interest (metaROIs) based on a literature review as described elsewhere in detail. 19 Each subject's summary FDG index was the mean of the 5 metaROIs (right and left inferior temporal and lateral parietal regions, and a bilateral posterior cingulate cortex region) relative to the mean of a pons and cerebellar vermis reference region.
Cutoffs for Participant Classification
Categorization of subjects as abnormal (þ) or normal (À) on florbetapir was derived from a recent study in which 1.10 was the upper limit of the 95% confidence interval for the distribution of florbetapir means of young healthy controls. 20 (In a separate study, no individuals with a cortical florbetapir mean less than approximately 1.10 had intermediate to high likelihood of AD according to National Institute on Aging/Reagan Institute criteria based on neuropathology at autopsy. 13 ) To account for image processing differences between those studies and the current study, a subset of ADNI florbetapir images (total ¼ 324; normal ¼ 93, EMCI ¼ 128, LMCI ¼ 62, AD ¼ 41) were processed using both methods. We regressed cortical means from the current study (processed with Freesurfer) on cortical means from the processing method used in the Joshi et al 20 and Clark et al 13 studies and used the resulting regression line (y ¼ 0.80x þ 0.23) to convert the cutoff of 1.10 to a very similar threshold of 1.11 for Freesurfer-processed data (Supplementary Fig 2) . The FDG cutoff was derived in a previous study showing that a mean of 1.21 from the same predefined regions of interest was the threshold that best differentiated between ADNI AD patients and normal controls in a receiver operating characteristic analysis.
Statistical Analyses
We examined associations between concurrent florbetapir, FDG, and ADAS-cog measurements for the whole population and for each diagnostic group separately (normal, EMCI, LMCI, AD). Spearman rank correlation coefficients were used for continuous variables to account for the non-normally distributed nature of florbetapir and ADAS-cog, and chi-square tests were used for dichotomous variables.
For participants with longitudinal data, we examined associations between our independent variables of interest (florbetapir, FDG) and longitudinal ADAS-cog change using linear mixed effects models. For each diagnostic group (normal and LMCI), separate models were fit with each dichotomous independent variable of interest (florbetapir
). The interaction between each independent variable and time (florbetapir Â time, FDG Â time) was the primary effect of interest in each model, because it represented the relationship between that variable and ADAS-cog change over time. This is distinct from the main effect of each variable, which represented the relationship between that variable and ADAS-cog measurements collapsed across all time points. Initial models also included terms to model interactions between the primary variables of interest (eg, florbetapir Â FDG), but interactions that were not significant did not remain in the model. Age was centered at 75 years, education was centered at 16 years, and females were the reference group, so that resulting parameter estimates can be interpreted as representing an example 75-year-old female with 16 years of education. All models included age, sex, and education as covariates, as well as a random intercept to account for individual variability in initial ADAS-cog scores, and an autoregressive covariance structure to account for correlations between consecutive ADAS-cog scores over time.
All statistical tests were carried out at p < 0.05, 2-tailed. Table 1 shows the demographic information for all subjects, grouped based on diagnosis at the time of the florbetapir scan. The percentage of florbetapir þ subjects increased across groups as cognitive symptoms became more severe (29% normal, 43% EMCI, 62% LMCI, 77% AD; Fig  1A) . Similarly, the percentage of FDG þ subjects also increased with cognitive symptoms (25% normal, 27% EMCI, 49% LMCI, 92% AD; see Fig 1B) . As shown in Figure 1 , the distributions of florbetapir and FDG for subjects who converted from LMCI to AD between enrollment and the time of their PET scans (recent ADs) were similar to subjects diagnosed with AD at enrollment. Relationships between variables were highly dependent on diagnostic group (Table 2, Fig 2) , such that florbetapir and FDG were associated in the EMCI and LMCI groups but not normal subjects or AD patients. Florbetapir and ADAS-cog performance were negatively associated only in the EMCI and LMCI groups, with a trend for association in the normal subjects. Glucose metabolism was associated with ADAS-cog in all groups except for normal subjects. Table) , 10 normal subjects converted to LMCI, 37 LMCI subjects converted to AD, and 3 LMCI subjects reverted to a normal diagnosis between their enrollment in ADNI and the time of their florbetapir scan.
Results
FDG and Florbetapir Status across All Diagnostic Groups
Cross-Sectional Associations between
In normal subjects (Fig 3A) , mixed effects regression models revealed that florbetapir status was associated with ADAS-cog change such that florbetapir þ individuals had higher (worse) ADAS-cog scores across all time points (main effect; p ¼ 0.03) and declined at a rate of 0.43 patients/yr greater than florbetapir À individuals (interaction effect, p < 0.001). Furthermore, when the 10 subjects who converted from normal to LMCI during follow-up were removed from the analysis, this interaction was still significant (p ¼ 0.005). FDG status, however, was not associated with ADAS-cog change. In LMCI participants (see Fig 3B) , florbetapir status was also associated with ADAS-cog such that florbetapir þ individuals had higher ADAS-cog scores overall (main effect, p ¼ 0.004) and declined at a rate of 0.83 patients/yr greater than florbetapir À individuals (interaction, p ¼ 0.05). FDG þ participants had higher ADAS-cog scores overall (main effect, p < 0.001) and had a 1.48 patients/yr greater decline than FDG À individuals (interaction, p < 0.001). Addition of APOE4 carrier status (6) as a covariate in the mixed effects models did not change the pattern of results for either group.
Secondary mixed effects regression models using continuous (rather than dichotomous) forms of FDG and florbetapir resulted in generally consistent but smaller effects, indicating that incremental variability in these summary measures was not more useful than dichotomous measures in the context of associations with cognitive decline. Although collapsing the dynamic range of florbetapir and FDG values into 2 categories reduces variability in these measures, the use of cutoffs may facilitate the clinical utility and interpretability of our analyses.
Conversion
We examined conversion (normal to LMCI; LMCI to AD) as a secondary longitudinal outcome variable. Ten of 76 (13%) subjects diagnosed as normal at enrollment converted to LMCI during the follow-up period. Five of 10 (50%) the converters were FDG þ , whereas 7 of 10 (70%) converters were florbetapir þ . Thirty-seven of 81 (46%) subjects initially diagnosed as LMCI converted to AD during follow-up. Of the 3 LMCI subjects who reverted to a normal diagnosis, 3 of 3 were florbetapir 
Discussion
In this study, we examined associations of 2 PET markers (florbetapir and FDG) with concurrent cognitive function and retrospective cognitive decline. First, amyloid deposition, hypometabolism, and cognition were associated cross-sectionally in early and late MCI. In normal subjects, amyloid deposition was only marginally associated with cognition, whereas in AD (which included 27 of 53 patients who had recently converted from LMCI), FDG (but not amyloid) was related to cognition. In our longitudinal analysis, amyloid deposition (but not hypometabolism) was associated with ongoing cognitive decline in normal subjects, whereas in LMCI, both amyloid and hypometabolism were related to decline, but the association was stronger for hypometabolism. These findings suggest that in normal older individuals, amyloid is closely linked to the earliest indications of clinical decline. Once individuals have sufficient clinical dysfunction to be diagnosed with MCI, however, hypometabolism (which represents synaptic and neuronal dysfunction) and cognitive loss progress together. These data are consistent with a model in which amyloid deposition is associated with cognitive dysfunction in the early and middle stages of decline, but at moderate and later stages of disease (LMCI/AD), synaptic dysfunction becomes more pronounced and more closely linked to ongoing cognitive decline. 8 Almost a third of cognitively normal individuals in this study were florbetapir þ , a rate that is consistent with other reports of amyloid deposition in healthy older populations based on amyloid-PET imaging using Pittsburgh Table 1 for 6 percentages). Subject diagnosis was determined based on the time of the florbetapir and FDG scans. For visual comparison, subjects who originally enrolled in the Alzheimer's Disease Neuroimaging Initiative as late mild cognitive impairment (LMCI) but converted to Alzheimer disease (AD) by the end of follow-up are shown here as an AD (recently converted) group that is separate from the AD patients who were enrolled with an AD diagnosis. EMCI 5 early mild cognitive impairment.
compound B (PiB), [21] [22] [23] and rates of amyloid positivity increased with cognitive symptoms such that 43% of EMCI and 65% of LMCI participants were florbetapir þ . Seventy-seven percent of AD patients were florbetapir þ , which is similar to the percentages of AD amyloid positivity reported recently in different populations with florbetapir 24 and PiB, 25 although AD amyloid positivity around 90% or above has also been observed. 22, 26, 27 This variability could be due to different sample sizes, application of diagnostic criteria, the sensitivity of the imaging technique, or incorrect clinical diagnoses, which are difficult to estimate due to low sample sizes in autopsy studies but range from about 10% 28,29 to 23%. 30, 31 Although some studies have reported a correlation between age and amyloid deposition across diagnostic groups with florbetapir 24 and with PiB in some diagnostic groups but not others, 5, 22 florbetapir uptake and age were related only in the EMCI group. However, the majority of individuals in the LMCI and normal groups were enrolled in ADNI >4 years prior to their florbetapir scans. The normal and LMCI subjects are therefore older and have a slightly reduced age range compared to the EMCI subjects, which may have biased associations between amyloid and age. Evidence for cross-sectional associations between cognitive dysfunction and amyloid deposition is mixed and may depend on stage of disease, 32 which is in agreement with our findings, because only the LMCI groups showed this relationship (the association in normal subjects was a nonsignificant trend). Some studies have reported significant cross-sectional associations, 33, 34 whereas others have reported no association 22, 23, 35 between amyloid-PET measurements and cognitive function. Our findings are also consistent with recent longitudinal studies reporting that PiB þ normal subjects have greater retrospective, 36 concurrent, 4,10 and prospective 5 cognitive decline than PiB À normal subjects. In addition,
we previously observed similar low agreement between FDG and PiB measures in a subset of the same population, 18 suggesting that there is only moderate shared variance between hypometabolism and amyloid measurements, particularly in the normal and AD groups.
An important limitation of this study is that the associations with longitudinal cognitive decline are retrospective rather than predictive, because the florbetapir and FDG measurements were collected at the end of the follow-up period. Amyloid deposition is likely to have fluctuated throughout the follow-up period, and change in amyloid deposition over time may differ between normal and LMCI subjects. 5 Furthermore, there is evidence that metabolism changes over a longer time period than amyloid deposition does, 9,11 both before and after the onset of cognitive symptoms. Hypometabolism has also been observed in young adult APOE4 carriers, 37 several decades before the likely onset of amyloid deposition, suggesting that hypometabolism may reflect long-term patterns of brain and cognitive function that are independent of amyloid deposition. Prospective follow-up of these participants is ongoing and will be important for determining the predictive utility of PET imaging, particularly in the EMCI group, which may represent the earliest clinical stage of disease but did not have available longitudinal data at the time of this study. Repeated PET scans in this population will also be critical for determining the rate of amyloid and metabolic change (as well as measurement error) at different stages of disease. An additional limitation is that the distributions of FDG-PET and florbetapir differ. Florbetapir is more bimodal than FDG-PET, so the use of dichotomous predictor variables may more accurately reflect the underlying characteristics of the florbetapir distribution. Our primary finding was that the relationship between amyloid deposition and cognitive decline differed between diagnostic groups. Positive amyloid status in both the normal and LMCI groups was associated with ongoing decline. However, in normal subjects, decline was more closely linked to amyloid status, whereas in LMCI, decline was more closely linked to hypometabolism. These data suggest that amyloid deposition precedes detectable metabolic dysfunction and that the consequences of high amyloid deposition can be observed at a stage prior to the onset of clinically recognized symptoms. After the onset of clinical symptoms, amyloid and cognitive dysfunction appear to become decoupled, so variability in cognitive decline is mediated by other factors such as synaptic dysfunction and atrophy, comorbidities, and factors related to cognitive reserve such as education or lifestyle.
